Abstract: In closed systems, control over the size of monodisperse metal oxide colloids is generally limited to submicrometric dimensions. To overcome this difficulty, we explore the formation and growth of silica particles under constant monomer supply. The monomer source is externally driven by the progressive addition into the system of one of the precursors. Monodisperse spherical particles are produced up to a mesoscopic size. We analyze their growth versus the monomer addition rate at different temperatures. Our results show that in the presence of a continuous monomer addition, growth is limited by diffusion over the investigated temporal window. Using the temperature variation of the growth rate, we prove that rescaling leads to a data reduction onto a single master curve. Contrary to the growth process, the final particles size reached after the end of the reagent supply, strongly a
depends on the addition rate. The variation of the final particle size versus addition rate can be deduced from an analogy with crystal formation in jet precipitation. Within this framework, and using the temperature dependences of both the particle growth law and the final size, we determine the value of the molecular heat of dissolution associated to the silica solubility.
These observations support the fact that classical theories of phase-ordering dynamics can be extended to the synthesis of inorganic particles. The emergence of a master behavior in the presence of continuous monomer addition also suggests the extension of these theories to open systems. 
I -INTRODUCTION
The synthesis of fine mesoscopic particles of targeted sizes is now required in numerous high technology applications as different as ceramics, catalysis, pigments, recording materials, medical diagnostics, or photonics 1, 2 . Since most physical properties of colloids are size dependent, it is essential to control their monodispersity as well as their uniformity in shape and composition. Reaching this goal requires a detailed understanding of both their mechanisms of formation and growth, under various experimental conditions. Classically, precipitation is initiated by fast quenching conditions, such as thermal quenching of a solution within the miscibility gap in which the solution becomes thermodynamically metastable 3 , or by pouring "instantaneously" a chemical species into another to initiate a chemical reaction 4 .
These two situations are called conservative because their overall composition does not vary during the precipitation. For each case, the control over the synthesis of monodisperse particles up to mesoscopic scale is made difficult for two main reasons: (i) the segregation intrinsically leads to polydispersity (due to the classical Lifshitz-Slyozov distribution 5 , for instance) and, (ii) the monodispersity is limited to submicrometric dimensions for growth driven by chemical reactions 6 . Even in seeded experiments 7, 8 , where growth is initiated using preformed nuclei, secondary nucleation cannot be avoided beyond a certain particle size (typically of the submicrometric order), preventing the formation of monodisperse mesoscopic particles. By contrast, experimental investigations of photographic colloid production by the double-jet technique 9 have shown that continuous changes in composition obtained by controlling the monomer source strongly improve particle monodispersity. The invoked reason is that particle growth proceeds in a starved situation as reagents are added 10 .
Moreover, as opposed to classical precipitation, the number of particles in solution asymptotically becomes constant and proportional to the addition rate when growth is limited by diffusion. This was experimentally and theoretically illustrated in the case of silver halides 11, 12 . However, despite these very appealing properties, such experimental procedures have been almost exclusively limited to the control of photographic colloids 11, 13 . With the exception of silver halides, to the best of our knowledge, the only experimental verification of the linear relation between particle number and addition rate concerns the synthesis of uniform ZnO particles . In a more general frame, such kinetic behaviors remain almost unexplored even if particle growth in open systems has recently received some confirmation in material-independent computer simulations at vanishing supersaturation 14 . Confronting experimental results for different systems would certainly permit to check whether or not, nucleation and growth under continuous supply of monomer can be generalized to colloids other than silver halides. This is the purpose of our work, which is devoted to the formation of silica particles by inorganic polymerization.
We investigate the growth of monodisperse silica particles 15 with diameter up to by controlling the effects of the progressive addition of an alcoholic solution of tetraethylorthosilicate (TE ), defined herein as the monomeric precursor, in a hydroalcoholic mixture of ammonia. This choice is motivated by the intrinsic importance of silica as one of the most familiar inorganic metal oxides, and by the common use of silica colloids in fundamental as well as practical research areas µm 2 OS 16 .
The paper is organized as follows. In Sec. II, we describe the experimental procedures implemented to investigate the particle growth in open conditions. Sec. III is devoted to our experimental results whereas Sec. IV focuses on the theoretical background of particle growth for both closed and open configurations. In Sec. V, we then discuss our results. We finally conclude in Sec. VI with the opportunity offered by the present work to predict the properties of colloidal growth in open conditions.
II -SETUP AND EXPERIMENTAL CHARACTERIZATIONS
The preparation of monodisperse silica particles, first described by Kolbe 17 
III -EXPERIMENTAL RESULTS

III.1 -Effect of stirring speed on particle growth
To determine the relevant mechanisms involved in particle growth, we first check the influence of the stirring speed on the final particle size obtained well after the end of the the extreme values of the Peclet number. Consequently, the hydrodynamic effects at classical stirring velocities can totally be discarded for the investigation of particle growth. This is also illustrated by the particle growth laws presented below. Indeed, flow effects are known to significantly accelerate the kinetics compared to diffusion or reaction-limited growth 21 , a fact that is not observed in our experiments. In the following, we use an average stirring speed of .
rpm
III.2 -Particle growth law versus temperature and addition rate
We have undertaken a systematic study of the particle growth at different addition rates and for various temperatures. Measurements of the kinetic evolution of the particle size for three values of the addition rate Q ( , 125 , = Q 68 250 µl min ) performed at three different temperatures ( , , ) are presented in Figure 1 . These temperatures are chosen to fulfill the condition of negligible evaporation of the reagents in the argon atmosphere in order to keep their overall ratio constant in the solution. Mean particle radii were deduced from the following procedure. We measure for each sample the time = T 0 10°20 C τ P associated to the exponential relaxation of the correlation function versus the scattering angle θ . Assuming that growing particles behave as Rayleigh scatterers, τ P is given by τ = is experimentally retrieved and we deduce the mean particle radius from the slope. The particle dynamics is also illustrated by TEM snapshots in Figure 3 for the "intermediate"
The particle distribution appears to be highly monodisperse on the investigated temporal window, with an almost constant standard deviation smaller than . This shows that the use of continuous addition of monomer offers the opportunity to easily push the limits of monodispersity up to the micrometer range while in closed systems it is always limited to the submicrometric sizes .
=°T 10 C 3% Figure 1 illustrates the dependence of the particle radius dynamics on the addition rate and the temperature. The growth can be divided in two parts: during and after the monomer supply.
During the monomer addition, two main features are observed: (i) the measured growth laws are very well separated in temperature and, (ii) the addition rate has no influence on them. As shown Figure 4 , the variation of the particle radius versus time clearly exhibits a power law behavior with a mean measured exponent of 1 2 . By contrast, the final particle radius reached at the end of the monomer supply, strongly varies with the addition rate as well as the temperature.
IV -GROWTH IN OPEN SYSTEMS: THEORETICAL BACKGROUND
IV.1 -Particle growth rate
To interpret our data, let us extend the formulation of particle growth rate in closed systems to open ones. As particle growth does not depend on stirring, the concentration gradients do not couple with flow. The particle growth rate is, therefore, expected to be analogous to that found for unstirred constant composition systems 22 . It follows that growth is driven by the transportation of the monomers to the interface, here by diffusion, and then by their incorporation into the particle through interface interactions. If the monomer incorporation (respectively, the diffusion) is the fastest process, then growth is limited by diffusion (respectively, the interface kinetics). The growth rate dR dt of a spherical particle of radius ( ) R t is thus described by a general expression, which includes both bulk diffusion and interface reaction :
( )
( )
C t is the concentration of monomer at a given time t , and ( ) eq C R is the equilibrium concentration at the particle surface; in the following, concentrations are expressed as volume fractions. is the rate constant for the surface integration of the monomer and
screening length which compares bulk diffusion to surface integration effect. ε is defined by
, where υ is the molecular volume of the precipitate. On the other hand, is classically given by the Gibbs-Thomson relation, yielding
, where represents the bulk solubility, and
k T is a capillary length. γ and are respectively the liquid/particle surface energy and the Boltzmann constant. By defining the supersaturation
C t C C S , the general expression of the particle growth rate becomes:
α σ = C R represents the critical radius above which a particle spontaneously grows and below which it dissolves. Eq. (2) shows that the transition from interface to diffusion limited growth is, indeed, controlled by the product ε R . Growth is initially limited by the monomer incorporation at the particle surface (ε << R 1) and eventually becomes diffusion limited at large particle radius ( ε >> R 1). As we cannot estimate the value of ε ( being unknown), in the following, we briefly describe the particle growth laws expected in both cases. As evidenced by Eq. (2), the particle growth strongly depends on the temporal behavior of the supersaturation σ . Usually, the kinetics of precipitation is divided in four main stages 23, 24 .
(i) Due to the TE addition, the solute concentration initially increases linearly with time.
At this stage, no particle nucleation exists. the others (those of radius ) to continue to grow. Note that, in the presence of monomer addition, there is a fifth additional regime. Indeed, when the dissolution of the smaller particles slows down, the surviving particles simply grow by the consumption of the incoming material that is continuously added to the system.
IV.2 -Free-growth regime
The particle growth in the free-growth regime is characterized by a constant supersaturation σ . Therefore, in the interface kinetic limited case (ε << R 1), Eq. (2) reduces to:
Integration of Eq. (3) for >> C R R 1 shows that the particle size increases linearly with time during the free-growth regime, i.e. ∝ R t .
On the other hand, growth limited by diffusion presents different kinetic behaviors. In this
For >> C R R 1, integration of Eq. (4) reveals that the diffusion limited free-growth is characterized by a first behavior followed by an
R t regime , 25 .
The particle number remains constant during the free-growth regime N 26 , whatever the nature of the mechanism (interface kinetic or diffusion limited) governing the growth. R t , and that growth does not depend on the addition rate.
IV.3 -Ostwald ripening regime
As previously mentioned, σ cannot stay indefinitely constant due to the mass conservation, and therefore must decrease again. At this stage, growth switches from the free-growth regime to the well-known Ostwald ripening. The particles whose radius is smaller than the actual value of the critical radius, become unstable and dissolve, while larger ones continue to grow using the dissolved material. Nevertheless, due to the presence of monomer addition, the particle dissolution eventually stops. Consequently the surviving particles continue to grow mainly by consuming the flux of monomer that is continuously added to the system. As the nucleation rate is negligible during Ostwald ripening, the size distribution of particles ( ) f R,t , defined by the particle number , obeys a continuity equation:
Since the supersaturation is vanishing, the conservation of the monomer concentration in the presence of addition, leads to:
Eqs. (3, 5, 6) show that the free-growth obtained for interface limited growth is followed by a ripening regime characterized by
R t 27 , as for Ostwald ripening in closed systems . However, whereas for closed systems the particle number varies as (i.e. R t regime just after the end of the addition. Indeed, as soon as the addition is stopped, the system automatically switches from open to close. Accordingly, the particle growth law also switches to that corresponding for a closed configuration. Since the behavior ∝ R t associated to the Ostwald ripening between the free-growth regime and the saturation to the final particle size after the end of the TE addition. OS
V.2 -Rescaling of growth laws
We show that the particle growth law exponent illustrated in Figure 4 corresponds to the freegrowth regime of diffusion limited growth, and that the associated amplitude only depends on temperature. Within the general framework of the kinetics of first-order phase transitions , a universal description of the particle growth should be retrieved for inorganic materials using Eq. (4). This is usually observed upon plotting the normalized particle radius ρ = Nevertheless, the regular shift in temperature observed in Figure 1 supports the existence of some scaling in temperature. For the free-growth regime, where the supersaturation is constant, we find from Eq. (4):
A priori, three quantities vary with temperature: σ , m D and in Eq. Table 1 . This is identical to that obtained by Hamrouni 33 , and falls within the range of scaled dynamics for the growth during the monomer addition. This data reduction is shown in Figure 5 for the whole set of experiments presented in Figure 1 . The master curve also enhances and demonstrates the existence of a well-defined crossover between the two regime ∝ R t and ∝ 
R t
behavior. Finally, the description of the particle growth by a master curve demonstrates a posteriori that the supersaturation does not appreciably vary with temperature during the monomer addition.
V.3 -Saturation of the particle growth
The observed scaling obviously breaks down, after some delay, when the addition of the monomer is stopped. Stopping the addition has two major consequences on the particle R t is momentarily preserved, as illustrated in Figures 1 and 4 for time , and corresponds from now on to the free-growth regime in closed systems. Then, growth deviates towards a saturation of the particle radius. In contrast to particle growth performed in other metal oxide syntheses , Ostwald ripening for closed systems is not observed in our experiments. This is in good agreement with most of the experiments involving growth of silica particles, such as Pontoni's ones which do not show any Ostwald ripening either, when all the reagents are added together in a single step. This result could be explained by the experimental conditions required for silica particle synthesis, particularly in terms of > Q t t pH of the solution, which are not strong enough to allow for silica dissolution . Then, the combination of both aspects, i.e. the formation of a set of monodisperse particles and the lack of observable Ostwald ripening, strongly suggests that the constant number of particles during the free-growth regime is preserved until the end of the growth, and thus corresponds to the final particle number. To check this assumption, we consider the available models of growth in open systems N , . Based on particle growth limited by diffusion, they all show that the particle number versus addition rate behaves as: N
where β is a numeric factor which depends on the chosen model ( β ≤ ≤ 1 3); the most reliable theory gives β = 1.57 . This prediction for free-growth limited by diffusion, particularly the behavior of versus the addition rate , was experimentally verified in double-jet precipitation for silver halides production N Q , , and also for inorganic metal oxide materials (zinc oxide colloid synthesis , for instance). Using mass conservation, the particle number is related to the final radius N f R by:
where is the volume of produced silica corresponding to the added TE . By combining Eq. (8) and Eq. (9), the relation between the final particle radius and the addition rate becomes:
Consequently, in contrast to what occurs in the free-growth regime, the final particle size is expected to depend on the addition rate. The analogy with jet-precipitation leads to the
Q . This predicted behavior, which is quantitatively demonstrated over more than two orders of magnitude in addition rate , is illustrated in Figure 6 for the experiments presented in Figure 1 . Taking into account the investigated range of addition rates, the agreement is fairly good. Note that these measurements give an additional proof for diffusion Moreover, as predicted by Eq. (10) and observed in Figure 6 , the final particle radius also varies with temperature. Using the temperature dependence of both the mass diffusion m D and the silica solubility , we should then be able to retrieve by an independent way, i.e.
without considering the particle growth rate, the molecular heat of dissolution of silica.
By forcing the exponent of the Table 1 , this value is in good agreement with both the value previously deduced from particle growth laws and the few already published data 16, , 33 34 .
VI -CONCLUSION
We have experimentally investigated the formation and the growth of monodisperse mesoscopic silica particles by analyzing the effects of the progressive addition of one of the reagents in the reactor. Our goal was twofold. At first, we wanted to implement a reliable technique to kinetically control colloid synthesis up to the microscopic size since classical methods usually fail for this length range (emergence of particle polydispersity). Indeed, the micron range is often considered as a sort of crossover between the nano-and the macroworld, called "mesoscopia" 35 , that does not take advantage of the physical properties underlined by one or the other length scale. Then, we were interested in a description of metal oxide particle growth in terms of universal dynamic scaling, in order to discuss the existence of a unified picture within the classical first-order phase transition area.
To investigate the pertinence of the relevant external parameters, experiments were performed by varying the addition rate for different temperatures. In the presence of monomer addition, the formed silica particles are spherical and monodisperse all over the investigated size range (i.e. for particle radii R from 80 to 600 ). At low Peclet number, measurements reveal that the growth of mesoscopic silica colloids is not affected at all by the monomer addition, but it simply depends on temperature. Moreover, the growth law exponents show that growth in the presence of continuous addition is limited by diffusion and corresponds to the so-called "free-growth regime", generalizing results already obtained in closed systems. As the temperature is the only relevant parameter during the monomer addition, the corresponding variation was used to rescale the dynamical data according to behaviors predicted for nm diffusion limited growth. The data reduction onto a single master curve is clearly evidenced.
This scaling also enhances the two particle growth laws expected for free-growth (i.e. ∝ R t and ∝ 1 2 R t ) whereas the first one ( ∝ R t ) is partly hidden in unscaled data. Finally, by using the temperature dependence of the amplitude of the particle growth, we have quantitatively deduced the molecular heat of dissolution of silica; the result compares very well with already published data. Consequently, our investigation strongly supports the fact that kinetic theories of first-order phase transitions can easily be applied to the growth of inorganic particles.
On the other hand, if the monomer addition is stopped, the observed master behavior cannot survive any longer. After some time delay, the particle growth irreversibly deviates from the scaled regime to asymptotically saturate to a final size. As opposed to the growth process, the final particle size is affected by the addition rate. Using an analogy with crystal formation in jet precipitation, we have explored the variations of the final particle size versus both the addition rate and the temperature. The power law expected theoretically for the variation of the final particle size versus addition rate is experimentally retrieved. A quantitative interpretation of the temperature behavior of the associated amplitude gives us the opportunity to determine, by a different way and independently from particle growth, the activation energy associated to the silica solubility.
More generally, our investigation may represent a first step toward a unified description of the processes involved in controlled colloid synthesis. Moreover, from a fundamental point of view, the observation of master behaviors for colloidal growth also brings new insights on the kinetic of precipitates in open systems 36, 37 . Indeed, even for the most famous and spectacular example of coarsening in open system, the so-called "Liesegang phenomenon" 38 where the precipitation of weakly soluble salts leads to periodic patterns, a close examination of the growth of the particles that form these patterns 39 still misses both theoretical developments and experimental investigations.
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